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ABSTRACT
Background: Biological cells migrate, deform and rotate in various types of electric fields, which have significant impact on
the normal cellular physiology. To investigate electrically-induced deformation, researchers have used artificial giant vesicles
that mimic the phospholipid bilayer cell membrane. Containing primarily the neutral molecule phosphatidylcholine, these
vesicles deformed under evenly distributed, strong direct current (DC) electric fields. Interestingly, they did not migrate or
rotate. A biophysical mechanism underlying the kinematic differences between the biological cells and the vesicles under electric
stimulation has not been worked out.
Methods: We modeled the vesicle as a leaky, dielectric sphere and computed the surface pressure, rotation torques and translation
forces applied on the vesicle by a DC electric field. We compared these measurements with those in a biological cell that contains
non-zero, intrinsic charges (carried by the functional groups on the membrane).
Results: For both the vesicle and the cell, the electrically-induced charges interacted with the local electric field to generate radial
pressure for deformation. However, due to the symmetrical distribution of both the charges and the electric field on the vesicle/cell
surface, the electric field could not generate net translation force or rotational torques. For a biological cell, the intrinsic charges
carried by the cell membrane could account for its migration and rotation in a DC electric field.
Conclusion: Results from this work suggests an interesting control diagram of cellular kinematics and movements by the electric
field: cell deformation and migration can be manipulated by directly targeting different charged groups on the membrane. Fate of
the cell in an electric field depends not only on the delicately controlled field parameters, but also on the biological properties of
the cell.
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1. INTRODUCTION
Interaction between the electric field and biological cells
leads to biomechanical alterations of the cells.[1] When po-
sitioned inside a strong electric field, cell membranes can
demonstrate deformation.[2, 3] For example, an externally
applied electric field could generate undulation on a con-
ductive cell membrane.[4] A direct current (DC) electric
field could cause elongation of human adipose tissue-derived
stem cells, in the direction that was perpendicular to the
field.[5] Pulsed electromagnetic field (PEMF) introduced
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long-term morphological alterations in the cultured human
chondrocytes.[6] The biomechanical phenomena of cytoskele-
ton change could be further manifested when cells sense the
mechanical signals and transduce them into a cascade of
biochemical signals, including DNA and RNA synthesis,
hypertrophy (increased cell size), proliferation, apoptosis,
migration, and extracellular matrix remodeling.[7] Under
extremely intensive electric field, pores formed on the cell
membrane and the membrane became permeable (electropo-
ration).[8] Electroporation has been widely used for cancer
treatment by enhancing the delivery of antitumor drugs into
tumor tissue and for gene transfection into single cells.[9]
Electric fields can also cause cell migration. Publications
describing cell migration under an applied electric field
(i.e., galvanotaxis or electrotaxis) can be retrieved from the
1920’s.[10] Current studies show that electric fields could
play important roles in axonal guidance, cell electrophore-
sis,[11] migration of stem cells,[12] and movement of neurons
within the neural networks.[13] It is suggested that mechani-
cal forces generated by the direct interaction between local
electric field and the charges on the cell membrane could
play significant roles in mediating cell migration.[14] In ad-
dition, although rarely seen, cells can demonstrate rotation
under the control of rotational torques that were generated
by circularly polarized electric field.[15]
To investigate field-induced cellular biomechanics, closed
lipid bilayer membranes (vesicles) have been studied.[16, 17]
It was found that the vesicles primarily underwent mem-
brane deformation under electric fields. For example, Sadik
et al.[18] reported that the vesicles exhibited elongation along
the direction of the electric field. Riske and Dimova[16] re-
ported that vesicles subjects to DC electric pulses could be
deformed into elliptical or cylindrical shapes. Interestingly,
there is no evidence of vesicle migration and rotation in
these experiments, even if the field intensity was as large as
2.0 kV/cm, when electroporation could be observed.[18]
In order to theoretically understand vesicle deformation un-
der the electric field, simplified vesicle models have been
built to analyze vesicle biomechanics.[19–21] Hyuga et al.
suggested that interactions between the field and charges that
accumulate on the vesicle surface could generate membrane
deformation.[22] We designate these charges as induced sur-
face charges, with a density ρs. Dimova et al.[23] performed
extensive analysis on the vesicle shape in a time-varying elec-
tric field, and found it depended on the intra-to-extra-vesicle
conductivity ratio. Vlahovska et al.[24] studied the vesicle
shape by considering the hydrodynamic, electric, bending,
and tension stresses exerted on the vesicle. However, these
modeling works were mainly used to explain the deformation
of the vesicles, and have not attempted to explicitly explain
the lack of vesicle migration and rotation in a DC electric
field.
In the aforementioned vesicle experiments, the spher-
ical vesicles are formed with L-a-phosphatidylcholine
molecule.[16, 18] The phosphatidylcholine headgroup is a
neutral molecule as a whole, since it contains a positively
charged choline group and negatively charged phosphate
and carbonyl groups.[25] In contrast, biological cells carry
charged membrane proteins, which reside in the lipid head-
groups within the membrane.[26] The charged headgroups
contain both cationic and anionic functional groups that con-
tribute to the net electric field at membrane surfaces. The
intensity of the field could reach a value of 105 V/cm, which
is capable of strongly attracting cationic proteins, peptides,
and ions.[27, 28] We designate these charges as intrinsic sur-
face charges, with a density ρp. These intrinsic charges are
known to play a significant role in cell migration in the elec-
tric filed, or electrophoresis.[11] We therefore hypothesize
that a lack of migration and rotation in vesicles exposed in
the DC electric field was due to the lack of intrinsic charges
on the artificial vesicles, and that the induced surface charge
alone, is insufficient in generating rotation and migration
forces in the vesicle.
To test this hypothesis, we will compute induced surface
charges, deformation pressure, translational force, and rota-
tion torque in a simple spherical vesicle model, in a strong
DC electric field. We adopted the common assumption
among different theoretical models that the vesicle is a leaky
dielectric particle of fixed shape,[18, 22] and treated the vesicle
as a spherical structure with certain conductance and dielec-
tricity.[29, 30] The membrane thickness is taken to be zero
and the electrical resistance of the membrane is assumed to
be negligible,[18, 22] to account for the poration and leakage
under strong electric field intensity. Our model generated
analytical expression of the radial pressure on the membrane,
and confirmed the experimental observation that the shape of
deformation depended on the intra-to-extra-vesicle conduc-
tivity ratio. Due to its symmetrical distribution on the vesicle
surface, the electrically induced-pressure did not generate
net translation force nor rotational torques in the modeled
spherical vesicle.
2. METHODS
The spherical vesicle model is based on several previous
works,[18, 24] which consider the vesicle in aqueous solution
to have a permeable, conducting membrane with zero thick-
ness. The model contains a homogeneous sphere (i) placed
inside the conductive medium (o). The center of the vesicle
is located at point O. Each region is considered homoge-
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nous and isotropic with electric conductivities σo, σi, re-
spectively. The dielectric permittivities of the two media
are ε0, εi, respectively. The radius of the vesicle is R. The
vesicle is exposed to an externally applied uniform electric
field ~E = E ~Z, where ~Z is the unitary vector in the direction
of the field (see Figure 1).
Figure 1. A. Spherical coordinates for a model vesicle inside a DC electric field. The field E is in the z-direction. B.
Electric field distribution around and inside the vesicle
We derived the analytical expressions of the electric po-
tentials in the medium and inside the vesicle, by solving
Laplace’s equation 5V = 0. Four boundary conditions
were considered: (1) The potential and (2) the normal compo-
nents of the current density are continuous across the vesicle
surface; (3) The electric field at an infinite distance is not
perturbed by the presence of the vesicle; and (4) the potential
inside the vesicle is finite. The electric field distributions in
all regions were calculated as ~E = −5 V , where V is the
potential.
All model parameters are listed in Table 1. Intensity of the
electric field was chosen to be 200,000 V/m, an intensity
that was sufficient for vesicle deformation.[16] Similar in-
tensity electric field has also been used to cause membrane
poration.[18] The rest of the parameters are chosen from
the literature as indicated in the table. Derivations of the
equations were performed with Mathematica 6.0 (Wolfram
Research, Inc. Champaign, IL). Numerical simulations were
performed with Matlab 7.4.0 (The MathWorks, Inc. Natick,
MA).
3. RESULTS
The electrical forces applied on the vesicle surface have
both radial and tangential components, which could cause
membrane deformation and generation of rotational torque,
respectively. We will first calculate the distribution of the
electric field and the induced charges on the vesicle surface.
We will then derive the radial pressure, rotation torques and
migration forces on the vesicle.
Table 1. Model Parameters. Parameters were chosen based
on the following literatures. (1) Blood serum at 35◦C;[31] (2)
In Ref.[32] (3) In Ref.[33] (4) In Ref.[18] for vesicle
deformation in the electric field.
 
 
Parameters 
Standard 
value 
Lower 
limit 
Upper 
limit 
Extracellular conductivity  
(
o , S/m) 0.3 
(2) 0.01 (2) 1.2 (1) 
Cytoplasmic conductivity  
(
i , S/m) 0.3 
(2) 0.2 (2) 1.2 (2) 
Extracellular dielectric 
permittivity ( o , As/Vm) 6.4 10
10 (3) - - 
Cytoplasmic dielectric 
permittivity (
i , As/Vm) 6.4 10
10 (3) - - 
Vesicle radius (R, µm) 10 (3) 5 (3) 100 (3) 
Electric field intensity  
(E, V/m) 
200,000 (4)  - - 
 
3.1 Electric field distribution around a vesicle
The solution of Laplace’s equation in spherical coordinates
is
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(1)
where Pmn (cos θ) is the associated Legendre function (n =
0. . .∞, m = 0. . . n).
The unknown coefficients are solved and substituted into
equation (1). The potentials in the medium and in the cyto-
plasm respectively are:
(2)
Electric field distribution in the medium and inside the vesi-
cle is calculated by
(3)
The expression derived for the electric field, outside the vesi-
cle (o) is:
(4)
Close to the vesicle surface (r = R)
(5)
The expressions derived inside the vesicle (i) are:
(6)
Equations 5 and 6 can be validated by letting σo = σi, a situ-
ation when there is no vesicle positioned in the field. This
yields Eor = Eir = E cos θ and Eoθ = Eiθ = E sin θ, re-
spectively, which is essentially the externally applied electric
field. Plotting the electric field distribution revealed that pres-
ence of the vesicle perturbs the fields (see Figure 1B). Tissue
heterogeneity and anisotropic properties affect electric field
distribution, as has been shown previously.[34]
3.2 Induced electric charges on the vesicle surface
The externally applied electric field can induce electric
charges across the two non-homogeneous physical media.[35]
Surface charge distribution depends on the dielectric proper-
ties of the biological interface. Surface charges induced by
the external field on vesicle surface are calculated by
(7)
where ~Do and ~Di denote displacements on both sides of the
vesicle surface, respectively. ~r denotes a unitary vector that is
perpendicular to the surface. Since ~D = ε ~E, surface charge
density on the vesicle surface becomes
(8)
It is interesting to note that the density of induced electric
charges (ρs) is independent of vesicle size. The cos θ term
in equation (8) indicates that the induced charges have dif-
ferent signs on the two vesicle poles (see Figure 2). For E =
250 V/m, ρs = 1.728× 10−7C/m2 or charges/µm2 on the
poles (σo = 0.3S/m, σi = 1.2S/m). This density is in-
significant in comparison with the intrinsic charges carried
by the proteins on the cell membrane. For E = 200,000
V/m, the electric density is ρs = 1.38 × 10−4C/m2, or
charges/µm2, a value that is comparable to the density of
the intrinsic charges.[14] Since the induced charges could
not leave the vesicle surface, the net induced charge on the
vesicle should be zero,[36] as shown by
(9)
Here, d~a = R2 sin θdθdø~r is a surface element in the ~r
direction.
3.3 Surface pressure and torques generated by the in-
teraction between the electric field and the induced
surface charges ρs
Pressure on the membrane could introduce three morpho-
logical changes for the vesicle: (1) pulling/compression,
(2) rotation around vesicle axes, and (3) translocation.
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3.3.1 Radial forces for membrane deformation
To investigate the pressure that might affect curvature of the
vesicle membrane, we computed the pressure in the ~r direc-
tion. Pressure on a charged surface equals the product of the
charge with the averaged field intensities on both sides of the
surface.[37] Evaluated on a patch of surface area, the pressure
is
(10)
The direction of the radial forces is dependent on the electric
parameters of the medium and the cytoplasm σiεo − σoεi.
Since εo and εi have comparable values (see Table 1), our
model predicts that deformation of the vesicle axis depends
on the ratio σi/σo. Prolate deformation will occur along
the symmetry axis that aligns parallel to the field for higher
conductive cytoplasm (see Figure 2A), and an oblate defor-
mation will occur for higher conductive medium outside
(see Figure 2B). It is also worth noticing that larger vesi-
cles may experience greater radial forces. Furthermore, this
pressure is proportional to E2, as has been observed exper-
imentally.[18] When σo = 1.2S/m and σi = 0.3S/m were
considered, the calculated pressure is 21.3 N/m2. This is
comparable to the traction force measured by Curtze et al.[38]
in the osteoblast-like cells within a DC electric field. These
calculated pressures are also comparable with the ones that
are sufficient in causing membrane deformation, such as
atomic force microscopy measurement, micropipette aspira-
tion, magnetic bead microrheology (twisting and pulling) or
optical trapping.[7]
Figure 2. Induced charges on the vesicle surface and its contribution to membrane deformation. A.
σi > σo(σo = 0.3S/m) and σi = 1.2S/m, coulomb forces (arrows, computed with equation 10) generated by the
interaction between the induced charges (color map, computed with equation 8) and the electric field elongates the vesicle
in the field direction; B. σi < σo(σo = 1.2S/m) and σi = 0.3S/m, coulomb forces compress the vesicle in the field
direction. The intensity of the field is 200,000 V/m
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3.3.2 Torques for rotation
Vesicle rotation can be predicted by computing shear torque
on its surface.[15, 29] The tangential (~θ and ~φ) components of
the coulomb forces generate torques that rotate the vesicle.
The overall torque in the direction ~θ was
(11)
To be able to integrate the unit vector ~φ, we wrote ~φ as a
linear combination of ~x, ~y, ~z, ~φ = − sinφ~x+ cosφ~y. After
rewriting this equation, we have
(12)
This is because of the azimuthal symmetry of both the sur-
face charges and the electric field on the vesicle’s surface. In
addition, since the ~φ component of the electrical field was
zero, we obtained
(13)
Thus, the electric force could not generate rotation torque on
the vesicle surface.
3.3.3 Translation forces for migration
Expressions of the electric field in (x, y, z) directions could
be obtained through transformation from spherical to rectan-
gular coordinates,
(14)
Immediately outside the vesicle, we have
(15)
Similarly, immediately under the vesicle surface, using the
transformation matrix
(16)
We have
(17)
The overall translation force in the x, y and z directions are:
(18)
Therefore, interactions between the induced surface charges
and the electric field could not provide translational force for
the vesicle.
4. DISCUSSION
Here we propose a theoretical model to study the biome-
chanics of a vesicle inside a uniform DC electric field to
address vesicle deformation, and its lack of migration and
rotation in this field. Our model confirmed the experimental
observation that changes in the vesicle shape depends on
the intra-to-extra-vesicle conductivity ratio, and field inten-
sity. The induced electric charges are the primary reason
that radial force for vesicle compression is generated. Due to
the symmetrical distributions of both the local electric field
around the vesicle, and the induced charges on the vesicle
surface, the vesicle does not experience translational forces
and/or rotation torques. For a biological cell, its migration
and rotation inside an electric field could be due to the in-
trinsic charges on the cell membrane, for which an artificial
vesicle does not possess. This work supports our hypothesis
that biological effects of electric stimulation is a function of
both the field parameters and the cellular properties.[39]
4.1 Induced charges and vesicle deformation
Our model predicts that the direction of vesicle deformation
depends on the dielectric properties of the vesicle (see Fig-
ure 2). Prolate deformation will occur along the symmetry
axis that aligns parallel to the field if the cytoplasm is more
conductive than the medium (see Figure 2A), and an oblate
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deformation will occur if the medium is more conductive
than the cytoplasm (see Figure 2B). This phenomenon has
been observed previously in the lipid vesicles that were sub-
jected to a DC electric pulse. The vesicles deformed into
prolate or oblate ellipsoids depending on the conductivities
of the interior and suspending fluids.[23, 40] When the ra-
tio is between 1.92 and 53.0, the vesicle exhibited prolate
elongation in the direction of the electric field. Larger ratio
(σi/σo) is associated with stronger deformation. Our model
also indicated that the radial pressure is proportional to E2
(equation 10), which is supported by the observation that im-
pact of membrane deformation by the aspect ratio is scaled
quadratically with the field strength.[18]
Under physiological conditions, the dielectric constant differ-
ence between the cytosol and the cell environment is trivial.
This might explain the lack of significant cell deformation in
comparison with vesicles, whose (σi/σo) can be significant
by adjusting the concentration of external solution. Never-
theless, it should be recognized that even a tiny deformation
of the cell membrane could impose significant impact in di-
recting intracellular signaling.[26] Tiny, nanoscale forces are
sufficient to activate cellular (mechanotransduction) signal-
ing pathways.[41] Compressive stress that shrinks the lateral
intercellular space surrounding epithelial cells could trigger
autocrine signaling.[42] Kinetics of a variety of voltage–gated
ion channels could be modulated by membrane tension.[43]
Figure 3. Intrinsic electric charges on the vesicle and its potential role in migration. A. Translation force is in the field
direction for the cell that processes positive charges. B. Translation force is in the negative field direction if the cell
possesses negative charges. In this plot, the charges density is 3.6 × 104 charges/µm2 in (A), and -3.6 × 104 charges/µm2
in (B)[14]
4.2 Intrinsic charges and cell migration
Our model provides a possible explanation for the lack of
vesicle migration and rotation under large DC electric field,
which is likely due to the symmetrical distribution of the
induced charges on the membrane. This model assumes the
surface charge in the lipid vesicles is neutral, therefore no
translational force could be generated on the vesicle for its
migration. In contrast, a biological cell possesses intrinsic
charges (ρp), which reside on the cell membrane lipids, or on
the channel protein itself. Based on literature, we can assume
the intrinsic charges being evenly distributed on the mem-
brane with a net density of ρp = 3.6× 104 charges/µm2.[14]
Then the cell will experience a force of F = QE,[11] where
Q is the net charge carried by the proteins or phospholipid
head groups, and the E is the local electric intensity (see Fig-
ure 3). For a vesicle with radius of 10 µm, F = 1.8×10−9N ,
24 ISSN 2377-9381 E-ISSN 2377-939X
www.sciedupress.com/jbei Journal of Biomedical Engineering and Informatics 2017, Vol. 3, No. 1
a force comparable to that can be used for cell migration or
contraction (10−9N − 10−5N in Ref.[7]).
The model thus produces a testable hypothesis of cellular
biomechanics under electric field. We predict that alteration
of intrinsic charges, by changing pH[11] or by binding of
calcium or magnesium to the surface charges,[14] should be
sufficient in changing cell mobility in electric fields. In con-
trast, it should generate little difference in the amount of
membrane deformation, something that could be measured
with an atomic force microscopy (AFM) tip.[44] This predic-
tion can be further tested using partially charged vesicles,
such as those composed of lipid mixtures of phosphatidyl-
choline and phosphatidylglycerol or phosphatidylcholine and
phosphatidylserine.[16] The partially charged vesicle should
demonstrate different cellular kinematics than neutral vesi-
cles, such as some degree of migration.
4.3 Significance of cellular properties in electric stimu-
lation
Since different cell types can carry different membrane
charges, results from this study further support the idea that
cellular properties affect the outcome of electric stimula-
tion. Previously, geometric features of the cell, such as cell
size,[45] shape,[46] and its orientation to the field[47, 48] were
found to be essential in understanding the consequence of
electric stimulation. Furthermore, electrical properties of
the biological cells, such as membrane conductivity[49] and
dielectricity,[50] also play significant roles in the cellular re-
sponse to the electric field. A detailed review on this topic
could be found elsewhere.[39]
4.4 Future directions
Several assumptions have to be made in the model to sim-
plify the calculation. It did not include other mechanical
considerations such as shear elasticity of the membrane[3]
and ion movement through field-induced pores, which will
affect electric fields[51] and vesicle shapes. Second, the cell
membrane, which represents a complex boundary compared
to fluid-fluid interfaces, was not explicitly studied. Further
work will include the capacitive property of the membrane.
Third, the morphological structure of the cell influences the
overall potential and charge distribution on the cell during
electric stimulation.[52] It is not known if such morphologi-
cal complexity will apply to biomechanics analysis, which
could be more appropriate with numerical methods such as
finite element analysis.[8] Fourth, for a biologically realistic
cell model, the charged proteins contribute to the electric
force and torques, and should be included in the analysis.
It is worth noting that the distribution of the surface pro-
teins could be geometrically inhomogeneous, which could
play a significant role in membrane deformation. As an
example, a transcellular oscillating electric field can cause
vibration in the isolated outer hair cells of the cochlea.[53]
Furthermore, surface charges may dynamically change un-
der pathological situations. These dynamic changes may
affect membrane potential, ion channel distribution, and
activities.[27] As an example, it is known that malignant
cancer cells are associated with an increased negative sur-
face charge.[54] Finally, since cells could be polarized in the
electric field,[45] further endeavors should also consider mem-
brane polarization[55] and calcium influx that causes actin
polymerization/depolymerization and actomyosin contractil-
ity.[56]
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